found in the β-rings. The α-rings are needed for β subunit assembly and serve as a gate into the inner chambers [Humbard et al., 2009; Religa et al., 2010; Stadtmueller and Hill, 2011] , only to be opened while interacting with a regulatory AAA+ ATPase complex.
The AAA+ ATPase portion of the proteasome is responsible for the binding, delivery, unfolding and translocation of substrates into the core particle for degradation. Prokaryotic organisms use a variety of hexameric ATPase rings for this function. In Archaea, at least three different ATPases function in concert with the core particle for protein degradation, proteasome-activating nucleotidase (Pan), AMA (AAA protein of methanogenic archaea and Archaeoglobus) and Cdc48 (or VAT, a p97 homologue) [Bart helme and Sauer, 2012, 2013; Forouzan et al., 2012; Wilson et al., 2000; Zwickl et al., 1999] . While core particle and Cdc48 homologues are universally conserved in Archaea, the Pan and AMA proteins are not. Many Pan, AMA and Cdc48 homologues have a conserved C-terminal motif (HbYX) that functions in proteasome activation (where Hb is a hydrophobic residue and X is any C-terminal amino acid residue) [Stadtmueller and Hill, 2011; Yu et al., 2010] . Proteasomal core particles of Actinobacteria also utilize hexameric ATPases for degradation of substrate proteins. In Mycobacterium , mycobacterial proteasome ATPase (Mpa) is required for the degradation of certain proteasomal substrates as well as pathogenesis and protection from nitric oxide stress [Darwin et al., 2005; Pearce et al., 2006] . AAA+ ATPase forming a ring-shaped complex (Arc) is another ATPase found in Rhodococcus species of Actinobacteria that is closely related to Mpa (82% identity) and likely involved in the activation of core particles [Wolf et al., 1998 ], based on analogy to its close relatives.
Even though the overall structure, enzymology and biochemistry of prokaryotic and eukaryotic proteasomes are closely related, the mechanism of how proteins are targeted for degradation by proteasomes was presumed to be quite different between these two groups. This difference was due to the apparent lack of a prokaryotic equivalent to ubiquitin, a small protein that can covalently modify the lysine residues of proteins and target them for degradation by proteasomes in eukaryotic cells. The first prokaryotic ubiquitin-like protein was discovered in Mycobacterium tuberculosis and was termed Pup [Pearce et al., 2008] . Pup is covalently attached to hundreds of proteins [Poulsen et al., 2010; Watrous et al., 2010] with dozens of these modified proteins confirmed to be degraded by the mycobacterial proteasome [Burns et al., 2009 [Burns et al., , 2010b Striebel et al., 2010] . In the case of M. tuberculosis , protein modification by Pup (pupylation) and proteasome activity are connected to the pathogenesis of the organism [Festa et al., 2010; Pearce et al., 2006] . More recently, protein modifiers related to ubiquitin (termed ubiquitin-like small archaeal modifier proteins or SAMPs), along with structural homologues of deubiquitinating enzymes and E1-activating enzymes, were identified in the halophilic archaeon Haloferax volcanii [Hepowit et al., 2012; Humbard et al., 2010a; Miranda et al., 2011] . SAMP homologues are widespread in Archaea with a single archaeal genome typically encoding multiple homlogs that are predicted to each form covalent attachments, with not all of these protein modifications directly related to proteolysis [Humbard et al., 2010a; Makarova and Koonin, 2010] . In this review, we will describe recent advances in the understanding of the structure and function of prokaryotic proteasome complexes. Also, we will discuss the roles ubiquitin-like proteins (Pup and SAMP) may play in protein targeting and proteasomemediated degradation in prokaryotic cells. related but distinct members of each group with 7 members of the α-type and 7 members of the β-type in each 20S proteasome [Groll et al., 1997; Löwe et al., 1995] .
Despite the variance in the subunit complexity between 20S proteasomes, the three-dimensional structure of core particles is quite conserved. The stacking of the four heptameric rings results in the formation of three small interior chambers, two antechambers of 60 nm 3 and a central chamber of 84 nm 3 , with the innermost chamber containing the active site residues ( fig. 1 b) [Groll et al., 1997; Hegerl et al., 1991; Löwe et al., 1995] . These chambers are formed at the interior interfaces of the heptameric rings, with the two antechambers at the interface of the α-and β-subunit rings and the central chamber at the interface of the two β-subunit rings. The 6-14 (number depends on the organism) active site residues that hydrolyze the peptide bonds are found lining the innermost chamber. A central channel runs through the core particle connecting each of the three chambers and connects pores of up to 2.2 nm in diameter that are located on each of the cylinder. The functional role of the antechambers is not entirely understood, especially since not all energy-dependent proteases have these antechambers [Sauer and Baker, 2011] . The antechambers are speculated to aid in holding proteins in an unfolded state prior to degradation [Ruschak et al., 2010; Sharon et al., 2006] or be a consequence of the α-type subunit gating function that sequesters the proteolytic active site residues from nonsubstrate proteins Bochtler et al., 1999] .
The 20S core particles exist in an autoinhibited state. Structural elements in the N-terminal domains of α-type 20S core particle: three views and dimensions. a 20S core particle from T. acidophilium (PDB 1PMA) consisting of a stack of heptameric rings of α-and β-type subunits arranged as α 7 β 7 β 7 α 7 . b Cross-sectional view of T. acidophilium 20S core particle displaying antechambers and degradation chambers within the structure. c Axial view of 20S core particle in 'closed' conformation with an obstructed axial channel leading into the antechamber (PDB 3C92).
subunits form an axial 'gate' that blocks the central channel and, thus, prevents substrates from accessing the central chamber and the active site residues within this structure [Stadtmueller and Hill, 2011] ( fig. 1 c) . This axial gate can be visualized in the crystal structure of the 20S core particle of yeast ( S. cerevisiae ) where the N-terminal tails of α2, α3, and α4 subunits form the gate [Groll et al., 1997] . In the case of the yeast proteasome, the gating can be abolished by the addition of low levels of anionic detergent (sodium dodecyl sulfate), introduction of a D to N substitution in the conserved YDR motif of the α3 subunit or a mutation that prevents the N-terminal acetylation of certain α-type subunits in the proteasome [Forster and Hill, 2003; Kimura et al., 2000] . In the original crystal structure of 20S core particles of the archaeon Thermoplasma acidophilum [Löwe et al., 1995] , the N-terminal residues of the α-subunit were disordered implying that this domain is unstructured or highly variable. Biochemical data further demonstrated that small peptides could gain access to the interior chamber of archaeal proteasomes in the absence of an ATPase activator and that this activity did not require sodium dodecyl sulfate or heat treatment [Akopian et al., 1997; Maupin-Furlow et al., 1998 ]. Aside from these early findings that suggested prokaryotic proteasomes are not gated, the residues necessary for gate formation in the eukaryotic proteasomes, which included the conserved N-terminal helix of α-subunits with a YDR motif, are strictly conserved in Archaea and partially conserved in Actinobacteria . Deletion of this N-terminal helix results in a substantial increase in the rate and size of peptides hydrolyzed by the core particles of proteasomes from diverse prokaryotes including the archaea T. acidophilium and Hfx. volcanii , as well as M. tuberculosis [Benaroudj et al., 2003; Humbard et al., 2009; Lin et al., 2006] . Additionally, visualization of core particles from Mycobacterium and archaeal species by transmission electron microscopy and cryoelectron microscopy revealed a closed-gate conformation Li et al., 2010; Lin et al., 2006; Rabl et al., 2008; Yu et al., 2010] . Measurements of the mobility of the archaeal core particle using TROSY NMR further suggested that the N-terminal tails of α-subunits function as gates and that these gates switch between closed and open conformations that are correlated with rates of peptide hydrolysis . The Nterminal domains of the α-subunits from the actinobacterial structure can adopt three different conformations that establish the gating required for the basal inhibition . Together, these data suggest a gating mechanism is present in eukaryotic and prokaryotic proteasomes that limits substrate access to the core particle active sites and, at least in Archaea, is dynamic . As mentioned above, the complexity of the α-and β-type subunits is considerably less in prokaryotic than eukaryotic proteasomes. Many prokaryotic 20S core particles are composed of only one α-and one β-type subunit in α 7 β 7 β 7 α 7 configuration such as those of the archaea T. acidophilum, Archaeoglobus fuldigus, Methanocaldococcus jannaschii (formerly Methanococcus jannaschii ), and Methanosarcina thermophila as well as the Actinobacteria M. tuberculosis, Streptomyces coelicolor , and many Rhodococcus species [De Mot et al., 1999; Lin et al., 2006] . Several examples also exist of prokaryotes that encode two or more α-and/or two or more β-type subunits associated as one or more different proteasomal core particles in α 7 β 7 β 7 α 7 configuration. The actinobacterium Rhodococcus erythropolis N186/21 synthesizes two α-type and two β-type subunits as a single core particle [Tamura et al., 1995; Zühl et al., 1997] . Many archaeal organisms are predicted to encode 3 or more different proteasome proteins (e.g. most haloarchaea, Sulfolobus and Pyrococcus spp.) [Madding et al., 2007; Maupin-Furlow et al., 2000] . Hfx. volcanii synthesizes a single β-type subunit and two α-type subunits (α1 and α2) [Kaczowka and Maupin-Furlow, 2003; Wilson et al., 1999] that form 20S core particles of α1β, α2β and α1βα2 subunit composition that are functional in the hydrolysis of short peptides [Kaczowka and Maupin-Furlow, 2003; Karadzic et al., 2012; Wilson et al., 1999] . In Hfx. volcanii , α1 and α2 are not likely to be functionally redundant due to their differential regulation in the cell with respect to expression. The α2 subunit is upregulated in stationary phase, while the α1 subunit is expressed throughout growth [Kaczowka and Maupin-Furlow, 2003 ]. Despite this difference in expression patterns, the two α-subunits can complement each other for some functions since neither is essential but rather the double knockout is lethal [Zhou et al., 2008] . However, the deletion of psmA (α1) renders the cells more sensitive to osmotic stress, and this phenotype is not rescued by the overexpression of psmC (α2) [Zhou et al., 2008] . The finding that psmC (α2) can rescue the lethality of a psmA psmC (α1 α2) double mutant but not complement the phenotype of the psmA (α1) single mutant during osmotic stress provides evidence that the two α-subunits are not redundant for all functions of the cell. Pyrococcus furiosus also exemplifies the potential for multiple proteasomal subtypes based on its genome sequence, which predicts two different β-subunits (β1 and β2) and one α-subunit. Transcriptional profiling reveals the transcript for β1 in-creases immediately following heat shock [Madding et al., 2007] . Consistent with this finding, proteasome core particles assembled in vitro with recombinantly expressed subunits at heat shock temperatures have a higher proportion of β1 and are more thermally stable than proteasomes formed at standard growth temperatures [Madding et al., 2007] . The combination of β1-and α-subunits alone (in the absence of β2) fails to yield properly assembled or functional core particles, even though β1 has a conserved active site (Thr1) residue [Madding et al., 2007] . By contrast, core particles composed of αβ2 and αβ1β2 hydrolyze peptides [Madding et al., 2007] . These few examples, where multiple subunits of α-or β-type subfamilies are in the same organism, support the notion of specialized subpopulations of core particles with redundant as well as unique physiological roles which appear advantageous in certain prokaryotes.
Several steps occur during the assembly of α-and β-type subunits into active proteasomal core particles. Although archaea are predicted to encode homologues of the PAC2 family of chaperones required for proper proteasomal core particle assembly in eukaryotes [Le Tallec et al., 2007] , it is currently unclear whether any factors are required for core particle assembly in prokaryotes. In the Archaea, α-subunits spontaneously assemble to form heptameric rings that act as a scaffold for the formation of the heptameric rings of β-subunits [Groll et al., 2003 ]. In the Actinobacteria, α-and β-subunits form heterodimers (αβ) that oligomerize to form the half proteasome [Kwon et al., 2004; Li et al., 2010] . These intermediate 'half proteasomes' or 11S proteasomes of α 7 β 7 configuration are inactive due to the presence of propeptides on the β-subunits. Many β-type subunits belong to the amino-terminal hydrolase family of proteases (Ntn family) [Brannigan et al., 1995; Löwe et al., 1995] . Active β-subunits are synthesized with an N-terminal propeptide that upon autocatalytic removal exposes an N-terminal threonine that functions as a proteolytic-active site as the proteasome halves come together. Initial evidence that proteasomal core particles were Ntn-hydrolases came from the close proximity of the peptide aldehyde inhibitor, acetyl-leu-leu-norleucinal, to the Thr1 of the β-subunits exposed within the innermost chamber of core particle crystal structures derived from T. acidophilum [Löwe et al., 1995] . Guided by this structure, a Thr1Ala substitution of the β-subunit was shown to abolish the peptidase activity of core particles [Seemuller et al., 1995] .
Due to the simplified composition of subunits that form a prokaryotic proteasome, activities with respect to peptide hydrolysis with 7-amino-4-methylcoumarinlinked substrates are typically less diverse than eukaryotic proteasomes. Most prokaryotic core particles catalyze chymotrypsin-like peptidase activity [Dahlmann et al., 1992; Nagy et al., 1998; Tamura et al., 1995; Wilson et al., 1999] . A few exceptional proteasomes have both chymotrypsin-and caspase-like activity, specifically, core particles from M. thermophila and M. jannaschii [MaupinFurlow et al., 1998; Wilson et al., 2000] . Some archaeal proteasomes also exhibit low levels of trypsin-like activity [Akopian et al., 1997; Maupin-Furlow et al., 1998; Wilson et al., 2000] . The lack of diversity of β-subunits in the prokaryotic core particle has another implication. The active sites in the central chamber are more numerous than is typical for eukaryotic proteasomes. As discussed earlier, eukaryotic proteasomes have 7 different β-subunits, but only 3 of those are active [Groll et al., 1997] , resulting in 6 active sites in the central chamber (3 per heptameric ring). However, prokaryotes such as T. acidophilum , M. tuberculosis , Hfx. volcanii and methanogenic archaea have only a single type of β-subunit that assembles into the core particle to form a total of 14 identical active sites estimated at a concentration of 50 m M based on dimensions of the central chamber [Löwe et al., 1995; Maupin-Furlow et al., 1998; Wilson et al., 2000] . Proteasome-mediated degradation of proteins into short peptides is typically processive [Akopian et al., 1997] , which means once proteolysis is initiated the protein is completely digested into peptides before the next protein substrate is hydrolyzed. Multiple factors likely influence product (peptide) size including substrate sequence, structural elements within substrates, direction of translocation and influences by the ATPase associated with the core particle. Initial analysis of non-ATP dependent substrates using core particles from T. acidophilum revealed products between 7 and 9 amino acids in length [Wenzel et al., 1994] . Another study with saturating substrate demonstrated a wider distribution of product lengths between 3 and 30 amino acids with no apparent preference of cleavage site [Kisselev et al., 1998] . Surprisingly, mammalian proteasomes, which contain only 6 active sites per core particle, generate peptides with a similar size distribution as do archaeal proteasomes, which have 14 identical sites [Kisselev et al., 1999] . Furthermore, inactivation of two of the six active sites of the mammalian proteasomes influences the pattern but does not affect the size distribution of the peptide products [Kisselev et al., 1999] . The direction of translocation was recently found to have an effect on the length of peptide products for some substrates [Berko et al., 2012] . The rates of degradation of certain protein substrates is also slower when translocated in a C-to-N direction by both eukary-otic and archaeal proteasomes [Berko et al., 2012] . This slower degradation rate is correlated with an increase in product size, and this altered product size is believed to be caused by a partial refolding, at least reestablishment of secondary structure, of certain substrates that may prevent interaction with the hydrophobic patches in the antechamber [Ruschak et al., 2010] . The localization of active sites within the central chamber and the processive degradation of protein substrates that are translocated into the chamber make proteasome core particles efficient peptidases. Selection of substrates and the ATP-dependent unfolding and translocation are the rate-limiting step for degradation by proteasome complexes.
Prokaryotic Proteasome Activators
Proteasomes typically require interaction with AAA+ (ATPase associated with various cellular activities) ATPase complexes to activate the degradation of folded or aggregated proteins [for a review of AAA+ ATPase classification, see Snider et al., 2008] . As discussed in the previous section, structural conformations of the N-terminal domains of α-subunit rings in 20S core particles form an 'axial gate' and restrict substrate entry into the degradation chamber except for peptides and small unfolded proteins. In a sense, AAA+ ATPase complexes function as reverse chaperones by binding, unfolding, and translocating substrates through α-subunit rings into the interior chambers of the 20S core particles [Medalia et al., 2009; Smith et al., 2007 Smith et al., , 2005 . In eukaryotes, the 19S cap is the major ATPase associated with core particles and is made up of several different proteins. The 19S cap can be divided into two domains, the base and the lid. The base of the complex consists of 9 separate protein products, six of which are ATPases (Rpt1-6) that form a hexameric ring [Tomko et al., 2010] . This ring of ATPases is the portion of the complex that interacts with the α-subunit rings of the core particle [Tomko and Hochstrasser, 2011] . In bacteria and archaea, several different ATPase complexes are proposed to function as regulatory particles for 20S proteasomes. In archaea, proteins of the AAA ATPase family including Pan, Cdc48 and AMA can activate protein degradation by the proteasome [Forouzan et al., 2012] . In the Actinobacteria, the divergent group of AAA+ ATPases called Arc is thought to be responsible for proteasome-mediated protein degradation in Rhodococcus spp. [Wolf et al., 1998 ], and the related Mpa can interact with the Mycobacterium proteasome for energy-dependent proteolysis [Striebel et al., 2010; Wang et al. 2009] ( fig. 2 ) .
Completion of the first archaeal ( M. jannaschii ) genome sequence revealed a prokaryotic gene homologue closely related to the six Rpt subunits in the eukaryotic 19S cap [Zwickl et al., 1999] . This archaeal AAA ATPase homologue (Pan) was 41-45% similar to the Rpt subunits, higher in amino acid similarity than between the individual Rpt proteins. Pan could be expressed and purified from recombinant Escherichia coli , and this form of Pan was shown to hydrolyze ATP and to increase the rates of degradation of several proteins in an ATP-dependent manner by 20S proteasomes of M. jannaschii and T. acidophilium [Smith et al., 2005; Wilson et al., 2000] . Pan was also demonstrated to associate in electron micrographs with proteasomes of M. jannaschii . Pan was purified as a 550-kDa complex corresponding to the molecular weight of a dodecamer . Other closely related ATPases are known to adopt a dodecameric structure, but the likely complex that interacts with proteasomes in vivo is a hexamer [Reuter et al., 2004; Smith et al., 2005; Yu et al., 2010] . Electron micrographs of hexameric Pan of M. jannaschii revealed that these complexes consist of what appeared to be a stack of two rings, a proximal and a distal ring. The proximal ring was 120 Å in diameter and 80 Å high, approximately the diameter of the core particle, and the distal ring was 75 Å in diameter and 30 Å high [Smith et al., 2005] . Similar micrographs of the Mpa ATPase from M. tuberculosis were obtained, showing a hexameric structure in complex with a proteasome core particle [Wang et al., 2009] . The outer ring consists of two domains, a coiled-coil and oligonucleotide binding fold domain. The coiled-coil domain is made of the N-terminal extensions of Pan subunits required for substrate binding [Djuranovic et al., 2009] . The coiled-coil domains of the archaeal and actinobacterial ATPases appear to be solvent exposed and likely make direct contact with substrates [Djuranovic et al., 2009; Wang et al., 2010; Zhang et al., 2009a] . The N-terminal coiledcoil domains are arrayed around a central channel in the ATPase ring formed by an oligonucleotide-binding fold, common to other proteins [Murzin, 1993] , which holds the ring together and may be responsible for the initial unfolding of substrates on the surface of the ring [Benaroudj et al., 2003; Navon and Goldberg, 2001; Sauer and Baker, 2011; Zhang et al., 2009a] .
In a hexameric ring, Pan subunits can exist in three different states, high and low nucleotide affinity states and an ADP-bound state [Smith and Goldberg, 2011; Bar-Nun and Glickman, 2012] . The current model, based on ATP hydrolysis by the ClpX ATPase from E. coli [Sauer and Baker, 2011] and Pan of M. jannaschii [Smith et al., 2011] , is that opposite subunits in the ATPase ring adopt the same conformation. ATP binding is thought to cause a conformational change in the neighboring subunit; upon hydrolysis, ADP is released from one of the neighboring subunits (counterclockwise to the ATPbound subunit) and the other neighboring partner binds ATP. This process proceeds around the ring. The structural perturbations that occur as a result of ATP binding and hydrolysis are thought to provide the mechanical energy required for substrate unfolding on the surface of the ring [Navon and Goldberg, 2001; Zhang et al., 2009b] . Similarly to other AAA+ ATPases, a highly conserved hydrophobic loop (Ar-φ loop) is found at the narrowed portion of the substrate channel of Pan [Zhang et al., 2009a] . This loop is absolutely required for the unfolding action of the ATPase ring and is thought to hold onto hydrophobic residues of substrate proteins in the channel and pull proteins into and ultimately through the channel through successive rounds of ATP hydrolysis based on analysis of ClpX [Sauer and Baker, 2011] . As the substrate protein is unfolded and passed through this central channel, the protein is translocated through the axial channel of the 20S core particle for degradation.
Degradation of unfolded substrates presented to 20S core particles by ATPases, such as Pan, requires the opening of the axial gates that keep proteasomes in an autoinhibited state. Several recent studies have demonstrated that a conserved C-terminal motif, hydrophobic-tyrosine-X (HbYX), is required for ATP-dependent proteasome activation [Gillette et al., 2008; Smith et al., 2007] . This motif is present in some archaeal Pan proteins and three of the six Rpt subunits from eukaryotic 19S cap [Yu et al., 2010] . Peptides with the C-terminal sequence of Pan bind to the intersubunit pocket between adjacent α-subunits in the outer ring of the core particle. This binding induces a rotation in the α-subunits and stabilizes the 'open gate' conformation in the proteasome [Rabl et al., 2008; Yu et al., 2010] . The binding of ATP to subunits of the ATPase complex is thought to cause a conformational change in the C-terminal domains that may facilitate the binding of this tail into the intersubunit space in the α-ring [Smith et al., 2005] . While the HbYX motif is conserved, it is not universally so. Several Pan proteins do not contain this exact motif. Hfx. volcanii synthesizes two Pan proteins (PanA and PanB), both suspected of interacting with the proteasome to activate proteolysis in vivo, but only PanA has a C-terminal tail (-AFA) similar to the HbYX motif [Reuter et al., 2004] [Zhou et al., 2008] , indicating that the C-terminus was important for in vivo activity of PanA. PanB, however, does not contain the conserved HbYX motif (instead it has a C-terminal tail of -YQY). PanB can associate with PanA [Humbard et al., 2010b] . This structure of mixed subunits, some with and some without the conserved HbYX motif, is analogous to the eukaryotic 19S cap where every other subunit in the ring has the HbYX motif [Tomko et al., 2010] . While the subunit arrangement of the mixed PanA/PanB complex from Hfx. volcanii is not currently known, it is possible that an alternating structure could still facilitate gate opening in the core particle in a similar fashion to the eukaryotic structure.
Much is known about the structures of ATPase complexes and the biochemical evidence that ATPase complexes interact with and therefore activate 20S core particles is convincing; however, showing native in vivo interaction between a 20S core particle and an intact ATPase complex in prokaryotes has been difficult [Forster and Hill, 2003; Ruepp et al., 2001; Smith et al., 2005] . The symmetry mismatch between the heptameric proteasome and the hexameric ATPases or coexpression of highly variable ATPases are likely culprits for the difficulties. At present, no crystal structure of the 20S core particle and ATPase in complex or of a Pan hexamer complex alone is available. Recently, structures of the 26S proteasomes from the yeast Schizosaccharomyces pombe at 9.1 Å [Bohn et al., 2010] and S. cerevisiae at 9.1 Å [Beck et al., 2012] were solved by cryoelectron microscopy and single particle analysis. Coupled with chemical crosslinking, mass spectrometry and molecular dynamics-based flexible fitting, many protein-protein contacts were elucidated, giving to date the best view of an ATPase structure and core particle in complex [Bohn et al., 2010] . Even though no crystal structures of the complete complexes from prokaryotes are available, several structures of the domains of Pan and Arc/Mpa have been solved that give specific insight into the various roles these complexes can play in concert with core particles and the domain organization within the complexes [Djuranovic et al., 2009; Wang et al., 2009 Wang et al., , 2010 Zhang et al., 2009a] . Two separate structures of domains from the Pan complex of M. jannaschii , including the ATPase ring and the coiled-coil N-domain ring were obtained after limited proteolysis removed a variable loop that connects these two domains [Zhang et al., 2009a] . When modeled into a likely association based on protein sequence of the subunits, the structure appears as two stacked rings. This structure is in good agreement with the two-ring structure seen previously in cryoelectron microscopy studies [Smith et al., 2005] . The presence of the oligonucleotide-binding fold in the N-domain portion of the structure revealed that the distal ring of the Pan complex forms a constriction that is too narrow to allow folded proteins to pass through the ATPase ring [Zhang et al., 2009a ]. This structural model provides evidence that the Ar-φ loop of the ATPase domain interacts with unfolded regions of substrates. Additional crystallization and analysis of the chaperone activity of the N-domains of both Pan (of Archeoglobus fulgidus ) and Arc (of R. erythropolis ) reveal a nearly identical ring structure of the oligonucleotide-binding domain despite highly divergent protein sequences [Djuranovic et al., 2009 ]. The energydependent chaperone activity was restricted to the N-domains with the coiled-coil structures and ATPase active sites. These ATPase subdomain structures and function studies support the hypothesis that protein unfolding occurs as a result of movements in the N-domain stimulated by ATP hydrolysis mediated by the ATPase itself. Also, the dimensions of the tunnel through the oligonucleotide-binding domain support the previous notion that substrates are unfolded prior to translocation through the channel [Djuranovic et al., 2009] .
Several species of Archaea encode one or more Pan proteins, but some archaea have no homologue to Rpt or Pan including T. acidophilium [Barthelme and Sauer, 2012; Smith et al., 2005] . In addition, while the proteasome 20S core particle is essential in Hfx. volcanii , and presumably in other archaea, a strain with double deletion of the genes encoding the two Pan proteins, panA and panB , remains viable [Zhou et al., 2008] . These observations raise the possibility of additional ATPases that could interact with the proteasome and play a role in protein degradation. Proteins in the Cdc48/p97/VAT family, double-ring AAA+ ATPases involved in a variety of cellular processes [Meyer et al., 2012] , are widespread among the archaea and some members contain the C-terminal HbYX motif required for proteasome activation [Barthelme and Sauer, 2012; Forouzan et al., 2012] . Cdc48 from T. acidophilum can interact with 20S proteasomes and stimulate proteasome-mediated degradation of nonapeptides in an ATP-dependent manner. 20S core particle subunits (α and β) can be pulled down when purified Cdc48 is added to cell extracts [Barthelme and Sauer, 2012] . Cdc48 proteins from eukaryotes can interact with the 20S core particle through both the HbYX motif and through a second loop that protrudes from the D2 domain of the Cdc48 and can stimulate the degradation of GFP-SsrA by the 20S proteasome in a regulatory manner in the same fashion of the Rpt subunits [Barthelme and Sauer, 2013] . Thus, Cdc48 is the first two-domain ATPase involved in prote- asome-mediated degradation of substrates [Barthelme and Sauer, 2013; Meyer et al., 2012] . The physiological role Cdc48 plays in protein degradation in archaea remains to be elucidated. In addition to Pan and Cdc48, proteins from the AMA AAA+ ATPase family can activate proteasomes for degradation [Djuranovic et al., 2006; Forouzan et al., 2012; Summer et al., 2006] . AMA proteins are related to Cdc48 but diverge in the conserved fold of the Ndomain. Examination of the difference between these complexes will likely reveal varying affinities for different classes of substrates. For example, the Cdc48 N-domain folds into a double-ψ barrel and a β-clam fold, which has been implicated in ubiquitin binding in eukaryotes [Park et al., 2005] , while Pan N-domains consist of a coiledcoil and oligonucleotide-binding domain [Bar-Nun and Glickman, 2012; Forouzan et al., 2012] . AMA proteins have the β-clam fold but lack the double-ψ β-barrel of the Cdc48 N-domain [Djuranovic et al., 2006] . Much like the variation in the core particle subunits seen in some prokaryotes, the finding that different ATPase complexes are capable of proteasome activation open the possibility of subpopulations of complexes with redundant and unique sets of substrates for degradation. M. mazei is predicted to encode five different AAA+ proteins (two Pan, two Cdc48 proteins and one AMA protein) that activate proteasomal degradation [Forouzan et al., 2012] . While all five complexes from recombinant E. coli stimulated the degradation of casein by proteasomal core particles, only one of the Pan proteins (PanA) showed an energy-dependent increase in degradation of GFP-SsrA, a folded substrate [Forouzan et al., 2012] . Further work is needed to demonstrate direct interactions of these complexes with 20S proteasomes and to establish unique substrate ranges for each of the complexes.
Targeting Proteins for Degradation: Bacterial and Archaeal Ubiquitin-Like Proteins
In eukaryotic systems, proteins are targeted for degradation by the proteasome through a variety of mechanisms [Asher et al., 2005; Baugh et al., 2009] . Often, proteins destined for degradation by proteasomes will be covalently modified by addition of ubiquitin, a 76-aminoacid protein [Kerscher et al., 2006] . Ubiquitin is conjugated to primary amine groups on target proteins through an isopeptide bond with its C-terminal carboxyl group [Hochstrasser, 2009] . Ubiquitin conjugation is carried out by a cascade of enzymes and can be repeated to form a polyubiquitin chain that can ultimately serve as a signal for degradation by proteasomes. Lacking an obvious homologue to ubiquitin in the prokaryotic systems, it was unclear until recently how proteins were targeted for degradation by prokaryotic proteasomes. In the past few years, ubiquitin-like proteins were identified first in the M. tuberculosis system [Pearce et al., 2008] followed by the haloarchaea [Humbard et al., 2010a] ( fig. 3 ) . Through bioinformatic efforts, additional homologues of these prokaryotic counterparts to ubiquitin have since been identified in various phyla of Bacteria and Archaea [Burroughs et al., 2011; Nunoura et al., 2011] . Thus, along with proteasomes, conjugation to small protein modifiers is found conserved across all three domains of life.
The initial discovery of proteins that fulfill the role of ubiquitin in prokaryotes was in the actinobacterial species M. tuberculosis [Pearce et al., 2008] . A small protein, encoded by a gene closely linked to the proteasome subunit genes, termed Pup, forms covalent attachments to target proteins, and these conjugated forms are degraded by proteasomes [Burns et al., 2009; Pearce et al., 2008] ( fig. 3 a) . While Pup is a functional equivalent of ubiquitin with respect to targeting proteins for degradation, there are several important features that make Pup unique. First, while ubiquitin and ubiquitin-like proteins in eukaryotic organisms share a β-grasp fold [Burroughs et al., 2007] , Pup is an intrinsically disordered protein [Chen et al., 2009; Liao et al., 2009] . In addition, the conjugation to ubiquitin takes place between a free primary amine at either the N-terminus or the ε-amino group of lysine residues of a substrate protein and the C-terminal carboxyl group of an ubiquitin molecule. During pupylation, the C-terminal residue (glutamine 64) is deamidated to glutamate enzymatically by Dop (deaminase of Pup) [Imkamp et al. 2010a; Striebel et al., 2009] . The resulting γ-carboxylate is attached to the primary amine of lysine residues by PafA [Striebel et al., 2009] . Dop and PafA are homologous to glutamate synthetase proteins but share no clear structural or primary sequence relationship to the ubiquitin-activating E1 enzymes of eukaryotes [Striebel et al., 2009] . Interestingly, Dop can remove Pup from substrate proteins, suggesting Dop plays a similar role in regulating proteasome-mediated degradation of pupylated substrates that deubiquitinating enzymes play in eukaryotic systems [Burns et al., 2010a [Burns et al., , 2012 Imkamp et al., 2010b] . While Pup is a disordered protein without definitive structure in solution, upon binding to the Nterminal coiled-coil domains of the ATPase Mpa, a portion of the C-terminal region of Pup forms an α-helix . This binding-induced folding mechanism is believed to play a role in stabilizing the interac-tion between the pupylated substrate and Mpa or the translocation of the substrate through Mpa into the proteasome for degradation .
While the proteasome system in M. tuberculosis is not essential outside of a host [Darwin et al., 2003] , several hundred substrates of the Pup system have been identified to date. The substrates are from a variety of pathways including respiration, intermediate metabolism, virulence and detoxification [Poulsen et al., 2010] . Pupylation is also used to regulate the activity of Mpa through modification of the C-terminal tails of this ATPase [Delley et al., 2012] . Covalent attachment of Pup prevents Mpa from interacting with the proteasome and disassembles the complex from the hexameric form into monomers. The pupylation of Mpa is reversible by Dop, thus, reactivating Mpa for energy-dependent degradation of pupylated substrates by proteasomes [Delley et al., 2012] . It is currently unclear whether there are additional factors other than PafA and Dop in the pupylation pathway. The system can be reconstituted in E. coli by the expression of PafA and Pup alone [Cerda-Maira et al., 2011] . However, the broad importance of pupylation and the proteasome in the physiology of M. tuberculosis and the survival within the host organisms is clear [Gandotra et al., 2007; Lamichhane et al., 2006] .
A protein conjugation system in Archaea, similar to the ubiquitin pathway in eukaryotes, was initially described in Hfx. volcanii [Humbard et al., 2010a] and termed SAMP (small archaeal modifier proteins). Sampylation is more homologous to eukaryotic ubiquitination than the previously described pupylation pathway in a few ways. SAMPs are covalently attached to target proteins through C-terminal carboxyl groups to ε-amine groups of internal lysine residues of substrate proteins [Hepowit et al., 2012; Humbard et al., 2010a; Miranda et al., 2011] , conjugation is carried out by a homologue of an ubiquitin-activating E1 enzyme termed UbaA [Miranda et al., 2011] , Hfx. volcanii encodes two different JAMM-MPN deubiqutinating enzyme homologues (one of which is demonstrated to cleave SAMP conjugates; fig. 3 b) [Hepowit et al., 2012] , and SAMPs share the structural β-grasp fold of the ubiquitin-like protein family and the C-terminal diglycine motif found in many members of that family [Jeong et al., 2011; Ranjan et al., 2011] . Although there are similarities between ubiquitination and sampylation, the pathways are not identical. Sampylation does not require the activity of E2-conjugating enzyme or E3 protein ligase homologues for the attachment of SAMPs to target proteins [Burroughs et al., 2011; Hum- 
